Abstract-A comprehensive electrooptic field-mapping technique is applied to the characterization of near-field radiation patterns above a microstrip patch antenna. The amplitude and phase maps of three orthogonal electric-field components, measured using electrooptic crystals above the patch, also have revealed the transition from the near field to the far field of the radiation pattern. In addition, experimental results have been compared with a finite-element method (FEM) simulation. The measurements show superior results to the FEM simulation, especially in terms of spatial resolution and data acquisition times. Furthermore, the scattering parameter 11 for the patch antenna has been calculated from the electrooptic measurement results of standing waves on the feeding line and compared with results from a conventional network analyzer.
I. INTRODUCTION

E
LECTROMAGNETIC field probes are used for a variety of applications in microwave metrology where knowledge of electric-field structure is required. These include such diverse areas as the characterization of near-field patterns of antennas and antenna arrays, verification of electromagnetic compatibility (EMC) of electronic equipment, and failure diagnosis of microelectronic integrated circuits. Mainly techniques using dipole-or monopole-type probes [1] - [3] have been pursued, although the optically based technique of electrooptic sampling [4] , [5] has also been investigated. Features that make the electrooptic technique very promising are high bandwidth (into the terahertz regime when using ultrashort-pulse lasers) and a spatial resolution on the order of the size of the laser beam diameter or even less. For the typical visible or infrared lasers, the resolution of the electrooptic measurement system can, thus, reach several micrometers. Furthermore, electrooptic sampling does not require that electrodes or ground planes be incorporated as part of the probe so that, compared with conventional probes, the invasiveness of an electrooptic probe is minimal.
Electrooptic measurements can be divided into two schemes, with the implementation depending on the device-under-test (DUT). For microwave structures fabricated on substrates that exhibit linear electrooptic effects, such as GaAs and InP, the internal electrooptic sampling method has proven to be quite effective [6] - [8] . If the substrate does not exhibit such an electrooptic effect and, moreover, when radiation field patterns are to be investigated, it is necessary to utilize external electrooptic sampling. The external electrooptic sampling technique has been employed successfully to obtain two-dimensional field maps that greatly facilitate the characterization of integrated microwave circuits, including the isolation of faults from the interior of a circuit [9] . Electrooptic measurements of the near-field radiation patterns of antennas have also been reported [10] , [11] . However, previous work has mainly concentrated on one-dimensional scans or the acquisition of only two field components in the near-field pattern. Any determination of the -parameters of the antennas has also relied upon additional characterization using a conventional network analyzer.
In this paper, measurements of all three orthogonal electricfield components are demonstrated for a microstrip patch antenna that is designed to have a 4-GHz resonance frequency. The measurements are carried out using two different miniaturized probe crystals that have a cross-sectional area at their tips that is 5-10 times smaller than that of conventional electrooptic probes. Thus, the invasiveness of the probes to the DUT is minimized. Measurements include a near-to far-field transition that has yet to be reported until now, as well as near-field amplitude and phase measurements of the complete patch-antenna radiation pattern. For comparison, a three-dimensional finite-element method (FEM) simulation has been performed for the investigated antenna structure. Even though electrooptic measurement results are found to be superior to the FEM simulation results in terms of spatial resolution and data acquisition time, the measurement and simulation show good agreement. In addition, the scattering parameter of the antenna is calculated from the electrooptic field map data, revealing the standing-wave characteristics of the structure at different frequencies. Finally, these results extracted from the electrooptic field measurements are compared with the from a conventional network analyzer.
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II. MEASUREMENT SYSTEM CONFIGURATION
The experimental measurement system used is shown in Fig. 1 . The optical beam from a phase-stabilized Ti : Sapphire laser, which has 100-fs duration pulse output at an 80-MHz pulse repetition rate, is focused inside of the electrooptic probe crystal. The faces of the probe crystal are polished in order to achieve total internal reflection of the incident beam, which is detected by a photo diode. The reflected beam is analyzed to determine the change of its polarization state, which is sensitive to the RF electric field that extends into the probe crystal. The electrical signal from the photodiode, which is then proportional to the optical signal modulated by the RF electric field in the electrooptic crystal, is measured in a harmonic mixing scheme [4] at an intermediate frequency of several megahertz using an RF lock-in amplifier or a spectrum analyzer. The IF signal is derived from the difference between the input signal frequency and an integer harmonic of the 80-MHz repetition rate. Using phase-locked-loop electronics in the stabilized laser system, one is able to synchronize the CW signal from a microwave synthesizer to the laser pulse train, with the small offset frequency providing the time delay for the sampling gate. Measurements in amplitude and phase are then performed simultaneously as the computer reads the output of the two channels of the lock-in amplifier, which uses the output of a low-frequency synthesizer, also synchronized to the laser electronics, to maintain a phase reference.
The two types of electrooptic probes utilized in this study are fabricated from bismuth silicate (BSO) and lithium tantalate (LiTaO 3 ). While both crystals serve to modulate the laser pulses using an electric field that is parallel to their optic axis, the electrooptic properties of the two materials are different. As a result, BSO is sensitive to normal RF fields that are parallel to the laser path, while LiTaO 3 senses the tangential RF fields orthogonal to the light beam in the probe [12] , [13] . These materials are chosen for their high electrooptic coefficients and transparency to the wavelength of the Ti : sapphire laser used. Employing the two different types of electrooptic crystals allows the determination of the normal and tangential electric-field components above the antenna under test. The crystals have a tip area of 40 µm 40 µm for the BSO and 20 µm 10 µm for the LiTaO 3 .
The antenna is mounted on a computer-controlled -translation stage. In addition to the two-dimensional movement of the DUT, several optical components have freedom of movement in the vertical direction (i.e., those components shown in the dashed box of Fig. 1 ), so that one may achieve a three-dimensional field-mapping capability. The minimum detectable power emanating from the patch is measured to be about 45 dBm, where it corresponds to a field strength at the probe of approximately 30 V/m, and the sensitivity of the measurement system is 40 mV/ Hz. Typical field-mapping measurements, in which the probe stops for 300 ms at each of 6400 points in theplane so that the lock-in can extract amplitude and phase values, are carried out in approximately 45 min for each height above the antenna that the field is mapped. This data acquisition time has been further reduced since the measurements reported here were made, to as little as 15 min, through the use of a new dc-servo -translation stage.
The microstrip patch antenna that served as the DUT was designed for a resonance frequency of 4 GHz. The antenna has 15-µm-thick Cu metallization on both sides of a 2.55-mm-thick Duroid substrate that has a dielectric constant of 10.3. The dimension of the antenna is 8 mm along the -direction and 11.18 mm in the -direction ( Fig. 1) . Also, impedance matching insets, which have 0.5-mm width and 6.1-mm length, are fabricated along the feed line. The backside coaxial feeding method is employed for the antenna, as depicted in Fig. 1 . The center conductor of the feeding coaxial cable is connected to the antenna through the 2.2-mm-wide and 34-mm-long microstrip line. Fig. 2 shows the amplitude of three orthogonal electric-field components at two different detection heights, with the perimeter of the antenna superimposed to indicate the position of the metal patch. The direction of each component corresponds to the axes shown in Fig. 1 . The left-hand-side column of Fig. 2 (a) depicts the measured amplitudes for the three components at a reference level of 0 mm, which is actually just above the antenna at a distance approximately 100 µm from its surface. Each amplitude plot is normalized independently so that the maximum field within the scanned area is set to a value of 1.0. Due to the different properties of the electrooptic crystals and the current lack of satisfactory calibration standards for electrooptic sampling, there is also no connection between the field strengths for the tangential and normal components. However, it is observed that the technique clearly allows us to determine the behavior of each component of the electric field in the near field of the patch.
III. RESULTS
A. Three-Dimensional Electrooptic Field Mapping
Since the length of the antenna (along the -direction) is designed to be a half-wavelength at the resonance frequency, the potential reaches its maximum value at the edges of the patch close to the feed line and at the farthest extent from the feed. Following the potential distribution, the maximum electric field in both the and tangential directions can be observed around the edges of the patch and near the ends of the long dimension.
The -component measurement result clearly displays the peak electric field around both near and far edges of the antenna (relative to the feed end). Since the -component represents the normal field, the peak amplitude appears primarily over the metal of the antenna and near the edges. The -and -components (tangential fields), on the other hand, have their peak amplitudes outside the antenna pattern around the edges, where the probe captures the electric field as it becomes parallel to the plane of the patch.
The LiTaO 3 crystal probe is employed to capture both tangential components, although the two-directional sensitivity has been obtained in separate scans after rotating either the DUT or the probe by 90 . For the electric field -component, the peak amplitudes are observed along the corners of the long side edges of the antenna and between the patch and matching-section insets. The four peaks around the corners of the antenna are explained by the potential distribution on the antenna, which is described at the start of this section. Due to the phase difference of the voltage between the feed line and the near-side edge of the antenna (as seen in Fig. 3) , two amplitude peaks also occur at the impedance matching insets. For the -component, the electrooptic field map measurement shows peak amplitudes on both the near-and far-side edges of the patch. These two -component peak amplitudes also correspond well to the expected potential distribution on the antenna.
In order to verify the trends of the electrooptic measurements, a three-dimensional FEM simulation of the patch has been performed. The right-hand-side column of Fig. 2(a) shows the FEM simulation results at 0-mm height, right at the surface of the patch. For this FEM simulation, 183 816 mesh elements were used, and a calculation [central processing unit (CPU)] time of approximately 1.5 h with a Sun Ultra Sparc-2 workstation was necessary to produce one field map for the patch structure. All three field components show very good agreement between the simulation and measurement results. However, due to the limited memory capacity of the computer and the long processing time for the simulation, each tetrahedral mesh used in the simulation has a certain low-size limit. This limitation of the mesh size causes sampling errors. For instance, the simulation result for the -component shows a relatively coarse field pattern due to the sampling error in the simulation. In comparison, the measurement field pattern from the electrooptic probe indicates a much smoother more physically intuitive field pattern than the simulation. Fig. 2(b) shows the measurement and simulation results at a height of 5 mm from the patch surface. Again, each amplitude map is normalized to 1.0 independently of the other field components. The measurement result for the -component shows a more broadened peak pattern than in Fig. 2(a) for 0-mm height. Due to the proximity of the two impedance-matching insets to each other, the peaks observed on the insets at 0-mm height, which are 180 out of phase, as seen in the phase maps of Fig. 3 , rapidly cancel each other as the measurement height increases. As a result, the peaks on the insets are not observed at 5-mm height, while the other four peaks around the corners are still detectable. For the -component, Fig. 2(a) shows equal peak amplitude on both the near-and far-side edges. However, as the measurement height increases, the peak located on the near-side edge decreases more rapidly than the peak on the far-side edge, as shown in Fig. 2(b) . The -component measurement result thus illustrates the transient state from the near-to far-field stage. Also, Fig. 2(b) shows a very uniform -component field pattern at 5-mm height. Thus, we can conclude that the -component has far less contribution than the -or -components as the measurement height increases. Both measurement and simulation results show excellent agreement for all three components.
B. Near-to Far-Field Transition Measurement
From Figs. 2 and 3, each peak of the electric field in theand -directions has an 180 phase difference with respect to its neighboring peaks. Due to these phase characteristics, the peak fields for the -and -components cancel each other at a relatively long distance from the antenna (i.e., the far field). As a consequence of the rapid field cancellations with height, the -and -components show a much quicker decrease than the -component as the measurement height increases. In contrast, the two peaks of the electric field -component are essentially in phase with each other. Thus, we can conclude that the -component is the dominant field component for the patch antenna in the far-field condition.
To investigate the peak-value variation with height for each electric-field component, the field maxima are extracted from each of the two-dimensional mapping results and normalized to the maximum amplitude at 0-mm height. Fig. 4 shows the variation of the normalized peak electric-field values with respect to the measurement height. All three components show a monotonic decrease as the measurement height increases. However, the -component exhibits a slower decrease up to the 5-mm height compared with the -and -components. Also, the -component has a larger peak value compared with theand -components beyond a height of 5 mm. The peak field variations from the three-dimensional FEM simulation results are presented along with those from the measurements in Fig. 4 . Each component is normalized to the peak field value at 0 mm height independently of the other field components. Both the -and -components show very good agreement between the measurement and simulation results. However, the -component shows a noticeable discrepancy between the simulation and measurement results. The discrepancy can be explained by the imperfect absorbing boundary conditions during the simulation. It is practically impossible to handle infinite space in the simulation, thus, an absorbing boundary condition is employed to confine the simulation space. The ideal absorbing boundary condition cannot be obtained without knowing the exact field profile. Thus, we have to assume the resultant field profile before the simulation to set the absorbing boundary condition. However, the exact field profile can be acquired by the results of the simulation, given the ideal boundary conditions. This imperfection of the absorbing boundary condition causes errors between the real and calculated fields. In particular, the top boundary is more important than the other boundaries in the case of radiating structures (e.g., antennas). In the case of our 4-GHz patch, the -and -components decrease very rapidly as the height increases, while the -component decreases more slowly. Thus, the imperfect absorbing boundary condition has more effect on the -component than on the two other components. As a result, the -component simulation result is inconsistent with the result from the measurement. Fig. 5 shows the transition of the dominant field component ( -component) from the near to far field. The field maps are obtained at heights of 0.1, 1.0, 5.0, 7.5, and 10 mm. The measurement result at 1.0-mm height shows a very similar pattern as that at 0.1-mm height. However, the peak field at the edge opposite the feed end becomes dominant beyond 5-mm height. Also, the measurement results beyond 5-mm height show a more circularly shaped peak at the far-side edge. The transient patterns shown in Fig. 5 reveal that the peak electric field from the far-side edge of the patch provides the dominant contribution to the far-field radiation pattern.
C. -Parameter Measurement
The electrooptic measurement technique has also been employed for the extraction of the scattering parameters of the microstrip patch antenna in an application that provides an alternative to conventional network analysis. This is potentially of great interest because the terahertz-bandwidth measurement capabilities of ultrafast-laser-based electrooptic sampling can lead to very high-frequency optically based network analysis. In addition to the broad bandwidth capability of the electrooptic technique, the ability to measure directly on the DUT allows one to exclude the undesirable effects that occur between the RF source and DUT, such as the attenuation of the microwave cable and imperfect termination of the connectors. Since the microstrip antenna has only one port (input port), is the sole relevant -parameter. The has thus been measured and also compared with the result obtained using the HP 8510B network analyzer.
To obtain the of the microstrip patch, the relationship between the reflection coefficient and voltage standing-wave characteristic (VSWR) is used [14] . It is well known that the reflection coefficient γ is identical to the if the system has a single port. One of the important characteristics of a transmission line is that the voltage and the electric-field relation are not changed unless the geometrical and electrical properties of the line are modified. Thus, along the microstrip feed line for our antenna, the field measured by the electrooptic probe has a direct correspondence to the voltage.
The electrooptic measurement technique has the capability to measure all three orthogonal electric-field components, as described above. Also, the patch antenna used in the measurement has a 50-microstrip feed line, as shown in Fig. 1 . By measuring one of the field components, we can calculate the VSWR on the feed line. However, due to the alignment of the antenna, the -component is not detectable on the feed line [see Fig. 2(a) ]. The normal electric field ( -component) has better uniformity across the feeding ( -direction) transmission line than the -component, as observed in Fig. 2(a) and, thus, the -component is used for the -parameter measurement. One-dimensional electrooptic scanning is performed along the center of the feed line from the feeding point to the edge of the antenna using the BSO crystal probe. The measurement height is 200 µm. Fig. 6 shows measured standing-wave amplitude patterns at three different frequencies. At 3.523 GHz, the frequency is not sufficiently high for the resonance to exist. On the other hand, 4.563 GHz is beyond the resonance frequency. In both cases, the measurement results show a distinct standing-wave pattern on the feeding line. Two asymmetry peaks can also be observed at each edge of the antenna. At the resonance frequency (4.011 GHz), the measurement result shows that the standing-wave patterns on the feed line are vanishing, and the two symmetry peaks occur on both edges of the antenna. Fig. 7 depicts the measured phase pattern on the feed line and patch antenna. The measurement results show typical standing-wave phase characteristics for both 3.523-and 4.563-GHz frequencies. Each point where the phase changes by 180 in Fig. 7 is coincident with a minimum amplitude point in Fig. 6 . However, the phase appears to have the property of a traveling wave when the antenna is operated at its resonance frequency. The results show that most of the input signal is reflected back from the antenna when the antenna is operated under the off-resonance conditions. On the contrary, good signal propagation is observed on the feed line at the resonance frequency. From the result, we can conclude that most of the input signal is radiated from the antenna under the resonance frequency condition. Finally, of the antenna can be obtained from the measured data under the assumption that the feed line has very small loss. Fig. 8 shows the resultant along with the result obtained using an HP 8510 network analyzer. The results show excellent agreement with each other.
During conventional network analyzer measurements, it is almost impossible to calibrate out certain factors such as the imperfect connection between the center conductor of the coaxial cable and microstrip line. Herein lies a tremendous advantage for the use of electrooptic sampling for network analysis. That is, the electrooptic technique allows one to determine the pure electric field that exists on the feed line and antenna, in this case, without worrying about the mismatch or loss of external cables and connectors. This difference between the two methods likely explains the slight disagreement in the two resonance frequencies presented in Fig. 8 .
IV. CONCLUSION
Three-dimensional electrooptic field mapping of a microstrip patch-antenna structure is performed for a complete set of three orthogonal electric-field components. The technique makes it possible to accurately determine the near-field radiation pattern of an antenna array, as well as the dominant field component of the patch-antenna structure. Also, the capability for detecting the near-to far-field transition is demonstrated. The three-dimensional measurement results are compared with FEM simulation results, making clear that the electrooptic measurement can provide superior results to the simulation. Also, the forward scattering parameter is calculated from the electrooptic measurement of the standing-wave pattern on the feed line and antenna based on the normal-field measurement result. The result obtained from the electronic network analyzer shows an almost identical pattern. Due to the capability of measuring electric fields directly on a microwave structure, the demonstrated electrooptic method can minimize effects that are otherwise very difficult to calibrate out during network analyzer measurements, including imperfect feeding and electrical contact. In conclusion, electrooptic field mapping is a very powerful tool for the analysis and design of microwave radiating structures, such as single antenna elements or radiating arrays.
